1. Introduction {#s0005}
===============

It has been estimated that the human gut is populated with up to 100 trillion microbes ([@b0080]). Rough estimates are that the microbiota (previously termed flora or microflora) contain on the order of 150-fold more genes than are encoded in the human genome ([@b0130]). A growing body of evidence suggests that gut microbiota plays an essential role in host health by processing energy from food, protecting intestinal epithelial cells from injury, and promoting local and systemic immunity ([@b0050], [@b0100]), which has been extensively studied in recent years using culture-independent molecular methods. The next-generation DNA sequencing technologies, including high throughput 454 pyrosequencing, provide a large number of sequencing reads in a single run, resulting in a large sampling depth and the detection of low-abundance taxa. Thus, the results of studies using high-throughput sequencing technologies have revolutionized our understanding of the gut microbiota in healthy and disease conditions.

An increase in the prevalence of allergic diseases has been noted over the past few decades and 2--15% of the population worldwide is estimated to suffer from asthma, which can affect a high percent of children in some countries ([@b0010]). A rising prevalence of food hypersensitivity and severe allergic reactions to food has also been reported. Cow's milk allergy (CMA) is the most prevalent type of food allergy in childhood, with an incidence of 2--3% in the first year of life. An elimination diet that avoids the offending cow's milk protein is the only available treatment ([@b0030], [@b0045]). Current guidelines suggest the use of extensively hydrolyzed formula (eHF) as first-line dietary management of CMA in infancy and an amino acid-based formula (AAF) for management of complex CMA or when an eHF is not tolerated ([@b0030]), and they collectively known as hypoallergenic formula (HF).

So far a few studies ([@b0005], [@b0015], [@b0085], [@b0145], [@b0140]) have assessed the fecal microbiota for infants with food allergy and/or hypersensitivity and postulated a possible association between allergy and an altered microbiota pattern. Only one Spanish cohort study ([@b0140]) compared the faecal microbiota between healthy and CMA infants at the baseline, and evaluated the changes in the faecal microbiota after a period of treatment, but using a conventional bacterial culture method.

With this background, we performed high-throughput sequencing for V3-V4 hypervariable regions of the 16S rRNA gene from gut faecal material to compare faecal microbiota between healthy and challenge-proven CMA infants at baseline, immediately after the diagnosis and after 6 months of treatment with HF, compared with healthy children fed on standard milk formulae.

2. Methods {#s0010}
==========

2.1. Subjects and study design {#s0015}
------------------------------

Sixty infants diagnosed with CMA from the Gastroenterology and Immunology clinics at the Children's Hospital of Fudan University were recruited between January 2014 and September 2015. The children were less than 4 months of age and received no human milk. CMA (IgE or non-IgE-mediated) were confirmed by family allergic history, feeding history, clinical manifestation (acute severe reaction after cow's milk ingestion combined with either cow's milk-specific IgE \> 5 kU/l or with SPT wheal diameter ≥ 3 mm, no confirmed history of cow's milk protein reaction but with either SPT wheal diameter ≥ 6 mm, or cow's milk associated allergic eosinophilic gastroenteritis or other non-IgE-mediated symptoms) and positive result of double-blind placebo-controlled food challenge with cow's milk, of which the food challenge test was the main method to make definite diagnosis ([@b0075]). The choice of an eHF or AAF was determined by the pediatrician in charge according to the severity of the infant's symptoms, and a switch from eHF to AAF was considered if an eHF was not tolerated. The control group comprised 60 healthy age-matched infants recruited from our health care clinic.

These children had been exclusively breast fed until introduced to milk formulae at the same age as the paired CMA infants. The recommendations on solid food introduction were given to all the recruited children from 4 to 6 months old. The following exclusion criteria were established: allergic rhinitis; asthma; use of antibiotics, probiotics, prebiotics, or synbiotics in the previous month; and known active bacterial, fungal, and/or viral infection(s).

Written informed consent was obtained from the children's parents. The study was approved by the Ethics Committee of the Children's Hospital of Fudan University (Children's Hospital of Fudan University Ethics Protocol 2013--033).

2.2. Sample collection and DNA extraction {#s0020}
-----------------------------------------

At baseline and at 6 months of follow-up, faecal samples were collected at the hospital or by the parent at home. Samples were refrigerated during transport and stored at −80 °C until analysis.

DNA was extracted from 300 mg of feces using a QIAamp DNA stool mini kit (Qiagen, Hilden, Germany) according to the manufacturer's instructions. The amount of DNA was determined using a Qubit® 2.0 Fluorometer (Life Technologies, USA); the integrity and size were checked by 1.5% agarose gel electrophoresis containing 0.5 mg/ml ethidium bromide. All DNA was stored at −20 °C until further analysis.

2.3. PCR and pyrosequencing {#s0025}
---------------------------

The bacterial genomic DNA was amplified with 343F (5′- TACGGRAGGCAGCAG-3′) and 798R (5′- AGGGTATCTAATCCT-3′) primers specific for the V3-V4 hypervariable regions of the 16S rRNA gene ([@b0125]). Barcodes that allowed sample multiplexing during pyrosequencing were incorporated between the 454 FLX Titanium adapter and the 5′ end of the forward primer. The thermocycling steps were as follows: 95 °C for 5 min, followed by 20 cycles at 95 °C for 30 s, 55 °C for 30 s, 72 °C for 1 min and a final extension step at 72 °C for 10 min. Each PCR reaction was performed in a 50 μL system, and the products were extracted with the QIAquick gel extraction kit (Qiagen) and quantified on a NanoDrop 2000C spectrophotometer and Qubit® 2.0 Fluorometer (Life technologies). Pooled PCR amplicons were subjected to paired-end sequencing by Illumina MiSeq. Using a QIIME pipeline (v 1.6.0, qiime.org), forward and reverse reads were assembled using PandaSeq for a final length of 144 bp (unassemblable sequences discarded), demultiplexed and filtered against the GREENGENES reference database (v12.10) to remove all sequences with \<60% similarity. Remaining sequences were clustered with Usearch61 at 97% sequence similarity against the GREENGENES database (closed-picking algorithm), and taxonomic assignment was achieved using the RDP classifier constrained by GREENGENES. Operational taxonomic units (OTUs) with overall relative abundance below 0.0001 were excluded from subsequent analyses.

2.4. Bioinformatics and statistical analysis {#s0030}
--------------------------------------------

Using default settings in QIIME, OTU relative abundance was summarized at the phylum, family and genus levels of taxonomy. The Shannon diversity index was used to measure the biodiversity in samples. Briefly, it is a test that takes into account the number of species and the evenness of the species, typically with a value between 1.5 and 3.5. It was calculated as -∑ log (p~i~) p~i~, where p~i~ denotes the frequency of OTU ~i~, and differences in this index were tested with the Mann-Whitney U test by using R software (<http://www.r-project.org/>). Microbiota community differences between samples (beta diversity) were tested by permutational multivariate analysis of variance (PERMANOVA) comparison of unweighted UNIFRAC ([@b0090]) distance matrices, with 500 permutations. Median relative abundance of dominant taxa were compared by nonparametric Kruskal--Wallis test and Spearman rank correlation. As gut microbiota coexist in functional communities, ratios of specific taxa are commonly evaluated. We evaluated the ratio of Enterobacteriaceae to Bacteroidaceae (E/B ratio) as a measure of gut microbiota maturity as Proteobacteria (mainly Enterobacteriaceae) are prevalent in the early gut microbiota, while Bacteroidetes (mainly Bacteroidaceae) become dominant as the community matures towards an adult-like profile ([@b0105]).

3. Results {#s0035}
==========

3.1. Demographic and clinical data {#s0040}
----------------------------------

The average age (±SD) of the infants at inclusion was 2.9 ± 1.0 months. The baseline characteristics of the enrolled infants are presented in [Table 1](#t0005){ref-type="table"}. The symptoms that occurred most often in infants due to CMA were atopic eczema (61%) and gastrointestinal symptoms (25%), all of which were resolved within 4 weeks of HF feeding. Infants in both groups were introduced to solid foods at the same time as follows: cereal first, at ∼4.5 months; fruits and vegetables at ∼5.5 months; and meats at ∼7.0 months of age. After the 6-month follow-up, 47 (78.3%) infants with CMA were eHF-fed, and 13 (21.7%) were AAF-fed.Table 1Descriptive data of children included in the study.Infants withCMA\
(n = 60)Control\
(n = 60)Gender, male n (%)33 (55.0)31 (51.7)Asian/others, (%)100.0/0100.0/0*Mode of delivery*Vaginal4749Cesarean1311Exclusive breast-feeding, mo2.6 ± 0.12.4 ± 0.1Age at study entry, mo3.0 ± 0.92.8 ± 1.2Weight at study entry, kg6.1 ± 0.66.4 ± 0.9Length at study entry, cm61.0 ± 2.861.8 ± 2.6[^1]

3.2. Faecal microbiota {#s0045}
----------------------

Infants with CMA had a lower diversity of the total microbiota and the bacterial phylum Bacteriodetes and its genus *Bacteroides* at baseline than healthy controls ([Table 2](#t0010){ref-type="table"}). After the 6-month follow-up, the diversity of the phylum Bacteriodetes was still significantly reduced in the CMA infants ([Table 2](#t0010){ref-type="table"}). Furthermore, these phyla and genera differed significantly between CMA and healthy infants with repeated-measures ANOVA including the two sampling time points (baseline and 6 months: P = .045 for the total microbiota, P = .04 for Bacteroidetes, P = .03 for *Bacteroides* species).Table 2Shannon diversity index of the total microbiota, dominant phyla, and significant genera in stool samples obtained at baseline and after 6 months of follow-up in healthy and CMA infants.Infants with CMA\
(n = 60)\
Median (IQR)Control\
(n = 60)\
Median (IQR)*p* value[\*](#tblfn1){ref-type="table-fn"}*Baseline*Total microbiota1.46 (1.17--1.67)1.70 (1.52--2.17)**0.005**Actinobacteria0.39 (0.14--0.47)0.41(0.19--0.68)0.35Firmicutes0.58 (0.37--1.21)0.60 (0.46--0.99)0.63Bacteroidetes0.05 (0.00--0.37)0.47 (0.07--0.61)**0.03***Bacteroides* species0.01 (0.00--0.28)0.43 (0.09--0.51)**0.01**Proteobacteria0.19 (0.06--0.38)0.27 (0.15--0.35)0.34  *Six months*Total microbiota2.89 (2.23--3.32)2.72 (2.20--3.27)0.66Actinobacteria0.23 (0.13--0.42)0.19 (0.04--0.38)0.53Firmicutes2.02 (1.70--2.59)1.85 (1.48--2.40)0.17Bacteroidetes0.15 (0.02--0.37)0.51 (0.11--0.65)**0.02**Proteobacteria0.04 (0.01--0.07)0.07 (0.04--0.13)0.06[^2][^3]

Gut microbiota composition at baseline and at 6 months differed between CMA and control infants ([Table 3](#t0015){ref-type="table"} and [Fig. 1](#f0005){ref-type="fig"}). Significant overall community differences at the OUT level of taxonomy were detected by PERMANOVA at baseline (PseudoF = 1.48, P = .03) and 6 months (PseudoF = 1.51, P = .04). Among dominant microbial families, Enterobacteriaceae was substantially and significantly overrepresented among CMA infants at baseline (median relative abundance 46.0% vs. 17.1%, P = .004). Conversely, Bacteroidaceae was underrepresented (0.4% vs. 28.4%, P = .01 at baseline). Given these differences, we compared the ratio of Enterobacteriaceae to Bacteroidaceae (E/B ratio) between CMA and control infants, finding a significant difference at baseline (115.8 vs. 0.8, P = .0002). After the 6-month follow-up, there was no further significant difference in neither relative abundance of Enterobacteriaceae, Bacteroidaceae nor E/B ratio between the two groups; however, the CMA infants tended to have a higher relative abundance of Lactobacillaceae (6.3% vs. 0.5%, P = .04) and lower relative abundance of Bifidobacteriaceae (0.3% vs. 8.2%, P = .03) and Ruminococcaceae (1.5% vs. 10.5%, P = .03) compared with healthy controls. At both sampling times, relative abundance of class Clostridia was comparable among allergic and non-allergic infants (P \> .50, data not shown).Fig. 1Mean relative abundance of dominant families (those with overall median relative abundance \>1% at either sampling time). A: Baseline; B: After 6 months of follow-up. The outer circle represents gut microbiota of healthy infants, and the inner circle represents gut microbiota of infants with cow's milk allergy (CMA).Table 3Mean of the relative abundance of dominant phyla and families in stool samples obtained at baseline and after 6 months of follow-up in healthy and CMA infants.Dominant taxa[\*](#tblfn2){ref-type="table-fn"}BaselineSix monthsInfants with CMA\
(n = 60)\
Median (IQR)Control\
(n = 60)\
Median (IQR)*p* valueFDRpInfants with CMA\
(n = 60)\
Median (IQR)Control\
(n = 60)\
Median (IQR)*p* valueFDRpActinobacteria6.0 (0.3--22.2)4.7 (1.2--12.8)0.690.850.5 (0.0--1.7)8.3 (3.6--14.6)**0.040.05** *Bifidobacteriaceae*6.0 (0.0--22.1)4.6 (1.0--12.3)0.790.940.3 (0.0--1.6)8.2 (3.6--14.5)**0.030.04**Bacteroidetes2.1 (0.3--21.8)31.3 (0.4--61.3)**0.020.05**38.1 (12.4--52.6)47.8 (40.0--61.3)0.090.25 *Bacteroidaceae*0.4 (0.1--7.5)28.4 (0.1--57.8)**0.010.04**33.2 (10.5--47.0)37.6 (29.5--55.8)0.090.25Firmicutes21.7 (13.3--36.4)23.9 (7.9--50.1)0.560.9533.4 (25.6--57.1)34.2 (26.1--43.6)0.580.67 *Lactobacillaceae*0.1 (0.0--2.1)0.2 (0.3--3.8)0.580.696.3 (0.6--11.2)0.5 (0.1--4.8)**0.040.04** *Veillonellaceae*3.0 (0.7--13.9)5.1 (0.9--17.7)0.510.806.7 (0.7--15.3)3.9 (1.5--9.2)0.510.55 *Lachnospiraceae*1.2 (0.1--3.0)1.4 (0.1--7.5)0.440.696.9 (0.5--19.0)9.3 (3.9--20.5)0.330.57 *Ruminococcaceae*0.1 (0.0--2.6)0.1 (0.0--2.2)0.870.871.5 (1.2--7.6)10.5 (2.4--13.9)**0.030.03**Proteobacteria46.0 (27.0--78.9)18.1 (8.7--37.0)**0.0060.01**7.9 (3.0--20.1)5.7 (2.5--8.6)0.210.33 *Alcaligenaceae*0.0 (0.0--0.0)0.0 (0.0--0.0)0.860.960.1 (0.0--2.3)1.6 (0.0--2.9)0.270.37 *Enterobacteriaceae*46.0 (27.0--78.1)17.1 (6.6--35.9)**0.0040.01**6.9 (2.3--7.6)3.7 (0.3--5.2)0.090.22E/B Ratio115.8 (10.3--299.0)0.8 (0.2--154.4)**0.00020.003**0.22 (0.07--16.69)0.10 (0.01--0.19)0.060.11[^4][^5]

4. Discussion {#s0050}
=============

Bacterial diversity is widely considered to be an important factor in determining the stability of gut ecology to perturbation ([@b0110]). The predominance of some bacteria (e.g. bifidobacteria) is beneficial, whereas the predominance of others (e.g. enterobacteriaceae and some pseudomonadaceae and clostridia species) is detrimental, and the balance among the populations of these micro-organisms maintains the health of the host. In speaking of allergic diseases, it is debated whether low diversity of the gut microbiota in early childhood is more important than the prevalence of specific bacterial taxa when trying to explain why the prevalence of allergic disease is increasing in relatively affluent countries. The underlying rationale is that the gut immune system reacts to exposure to new bacterial antigens and repeated exposure would enhance the development of immune regulation. Although this theory emerged more than two decades ago ([@b0060]), there are still only a few studies relating this diversity with allergy, likely because of methodological limitations. A new generation of powerful noncultivation-based microbiologic methods has now made it possible to analyze the total microbiota down to the genus level, even in large cohorts ([@b0005], [@b0150]). Previously uncultivated bacteria can now be detected, and there is no need to decide what bacteria to analyze in advance. Thus the assessment can be made without prejudice. This will allow for more comprehensive knowledge of the intestinal microbiota and its effects on the immune system.

So far by using the high-throughput 16S-based sequencing to study the early-life gut microbiome in infants with CMA is rare. [@b0015] characterized the gut microbiota of 226 children aged 3 to 16 months with CMA and followed these children up to age 8 years; they found that enrichment of *Clostridia* and *Firmicutes* as well as a trend of increased total bacterial diversity in the infant gut microbiome at age 3 to 6 months was associated with milk allergy resolution by age 8 years. In our current study, infants with CMA showed a lower diversity of the total microbiota at baseline than healthy controls, thus further support the hypothesis that low microbial diversity early in life is associated with an increased risk for CMA. Besides, we also showed that the differences in diversity were attributed to specific bacterial phyla and genera, possibly because the sensitivity of our analyses was higher. The low diversity of the phylum Bacteroidetes and its genus *Bacteroides* in infants with CMA is consistent with the results of previous studies reporting low levels of these bacteria to be associated both with allergic disease ([@b0160]) and factors associated with allergic disease, such as a Western lifestyle ([@b0035]) and cesarean section ([@b0070]). *Bacteroides* species have also been demonstrated to have anti-inflammatory properties. Thus *Bacteroides fragilis* prevented the induction of colitis through suppression of the proinflammatory cytokines TNF and IL-23 in an experimental colitis model ([@b0115]) and also mediated a conversion from CD4^+^ T cells into IL-10--producing forkhead box protein 3 regulatory T cells during commensal colonization, eliciting mucosal tolerance in another murine model ([@b0135]). Furthermore, *Bacteroides thetaiotaomicron* modulates the expression of a large quantity of genes involved in mucosal barrier reinforcement ([@b0055]).

In terms of gut microbiota composition, our present study demonstrated that infants with CMA had a higher baseline abundance of Enterobacteriaceae and lower abundance of Bacteroidaceae as compared with paired healthy controls. The association of CMA with Enterobacteriaceae and Bacteroidaceae was particularly evident when the ratio of these taxa was evaluated. The E/B ratio could be considered an indicator of gut microbiota maturity, as normal development involves early colonization by facultative anaerobes (predominantly Enterobacteriaceae), which deplete initial oxygen supplies to create a favourable environment for subsequent colonization by anerobes including Bacteroidaceae ([@b0040]). Thus, the E/B ratio is expected to decline with age as relative proportions of Enterobacteriaceae decline and Bacteroidaceae become more dominant, reflecting maturation toward an adult-like gut microbiota ([@b0020], [@b0165]). Our finding that the E/B ratio is elevated among CMA infants suggest that delayed maturation of the gut microbiota may be a predictor of CMA. After 6 months of nutritional intervention, we indentified a significant increase in the relative abundance of Lactobacillaceae and a parallel reduction in Bifidobacteriaceae and Ruminococcaceae, and a disappearance of the difference in the abundance of Enterobacteriaceae and Bacteroidaceae between allergic and healthy infants observed at baseline. Our findings are partially consistent with evidence from [@b0140], by using bacterial culture, they found CMA infants had a higher count and proportion of lactobacilli, a lower count and proportion of bifidobacteria and lower proportions of enterobacteria and yeasts after 6 months of eHF feeding. All of these changes may be attributable to the almost complete avoidance of cow's milk proteins during the 6 months of treatment, when the CMA infants received a HF (eHF or AAF) formula. Nevertheless, eHF does not completely eliminate cow's milk antigens ([@b0065]) and an AFF-feeding infants may intake at least some degree of cow's milk proteins from solid food or other oral nutrition supplementation, the constant administration of these antigens favors the acquisition of oral tolerance ([@b0095]), as observed in chronic intestinal parasitosis ([@b0155]). This tolerance is reflected in the reduction in specific immunoglobulin concentrations in the serum of the CMA infants at 6 months of follow-up. This was accompanied by a major decrease in the amount of Enterobacteriaceae and Bifidobacteriaceae and an increase in Lactobacillaceae, with a significant improvement in or disappearance of clinical symptoms. Besides, we were the first to find a decreased relative abundance of Ruminococcaceae in faecal samples of CMA infants at 6 months of follow-up, as compared with that in matched controls. It is reported that members of these families stimulate the production and degradation of mucin, which is required to maintain an intact gut microbiota--mucin barrier ([@b0120]), the association of decline in Ruminococcaceae abundance and the clinical outcome of CMA need to be further investigated.

Our results should be interpreted with caution, as with all faecal microbiota studies, it is necessary to consider that microbiota colonizing the gut mucosa may not be accurately reflected by the communities observed in stool, although [@b0025] have recently reported that (contrary to adults) the phylogenetic structures of faecal and enterocyte-associated microbiota are remarkably similar in infants.

In conclusion, our study showed that low gut microbiota diversity and an elevated E/B ratio in early infancy may contribute to the development of food allergy, including CMA. The observed differences in phylum and families between cases and controls may provide insight into the link between the microbiome and food allergy outcomes in childhood. Further studies are needed to confirm these findings.
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[^1]: There were no significant differences between groups for all variables.

[^2]: CMA, Cow's milk allergy; IQR, Interquartile range.

[^3]: Mann-Whitney U test.

[^4]: CMA, Cow's milk allergy; IQR, Interquartile range; E/B, Enterobacteriacea/Bacteroidaceae; FDR, false discovery rate.

[^5]: Dominant taxa have overall median relative abundance \>1% at baseline and/or 6 months; phyla are in plain text and families are italicized. Comparisons by nonparametric Kruskal--Wallis test with FDR correction for multiple testing.
